Introduction {#s1}
============

Alcoholic liver disease (ALD) is a kind of alcohol-toxic hepatic disease resulting from chronic alcoholism, and it has a high incidence and mortality worldwide \[[@r9], [@r26]\]. Alcoholic fatty liver (AFL) disease is the early stage of ALD, which is reversible and benign in pathology. The probability of AFL disease has been found to be approximately 80% in heavy drinkers who consume over 80 g of alcohol every day \[[@r8]\]. If not treated or drinking is not halted, AFL disease can progress to more serious and irreversible alcoholic hepatitis, hepatic fibrosis, hepatic cirrhosis, and finally hepatonecrosis \[[@r8], [@r19], [@r27]\]. Hepatic steatosis and fat accumulation are the main histopathological features of AFL \[[@r16], [@r30]\]. Presently, liver biopsy remains the golden standard for diagnosis and classification of hepatic steatosis in the clinic \[[@r22]\]. However, trauma, bleeding, infection, and organ injury caused by puncture gravely impact its \[[@r6]\].

Among various diagnosis techniques, noninvasive approaches are strongly recommended to estimate the presence and severity of hepatic steatosis. These techniques include a biochemical assay, ultrasonography, computed tomography (CT), and magnetic resonance imaging (MRI). In cases of mild or moderate hepatic steatosis, the patients often do not feel any discomfort. They will not ask for a medical intervention until the levels of liver enzymes such as alanine aminotransferase (ALT) and aspartate aminotransferase (AST) rise significantly \[[@r2]\]. Furthermore, the enzyme levels are not completely parallel to the degree of damage of the liver \[[@r1]\]. Thus, a biochemical assay is only able to serve as an auxiliary diagnosis. Ultrasonography is the most frequently used means to assess hepatic steatosis, but only 62--77% of patients assessed with it can be successfully diagnosed with a fatty liver. Moreover, the technique is easily subjected to bias from technicians \[[@r10]\]. CT can convey an objective assessment of fatty deposition in the liver, but it exposes patients to radiation. In addition, CT possesses a low sensitivity (5--30%) for fatty infiltration, causing it to miss some cases of moderate hepatic steatosis \[[@r17]\].

With the advance of imageology, MRI, as a noninvasive detection tool, has attracted more attention in qualitative and quantitative evaluation of fatty liver \[[@r21], [@r28], [@r29]\]. Compared with CT, MRI has dominant advantages based on its high resolution, use of multi-panel imaging, lack of radiation, and high accuracy with respect to hepatic fat content \[[@r18], [@r23]\]. Furthermore, it can provide a dynamic looking into the pathological changes of a liver suffering from steatosis \[[@r33]\]. Meanwhile, it has been shown that MRI quantification toward hepatic fat content is highly correlated with the outcomes of histopathological examination \[[@r11], [@r15]\]. Therefore, MRI is regarded as a more ideal detection technique for hepatic fat content that varies in fatty liver diseases. In a previous report, we established an AFL model of tree shrews (*Tupaia belangeri chinese*) and demonstrated it to be promising for insight into the pathology and medication for ALD \[[@r32]\]. However, the dynamic changes of hepatic fat content in the AFL model and pathologic process have not been well characterized.

In this study, we reconstructed the AFL model of tree shrews by means of alcohol feeding and monitored the hepatic fat content of the model in real time with MRI based on T2-weighted imaging with or without fat saturation. The liver injury model caused by a short-term alcohol induction is not only suitable for evaluation of acute hepatopathy but is also suitable for evaluation of chronic hepatopathy, since a similar pathogenesis such as hepatocyte damage, abnormal lipid metabolism, and massive lipid accumulation, take place in both cases. To verify the suitability of this model for hepatopathy study, hematological ALT, AST, and alcohol concentrations as well as hepatic malondialdehyde (MDA) were determined for model animals after alcohol induction. Hematoxylin & eosin (HE) and Oil red O staining of liver tissues were performed to validate the reliability and effectiveness of the MRI technique in characterizing AFL.

Materials and Methods {#s2}
=====================

Materials
---------

Edible alcohol was obtained from Beijing Red Star Co., Ltd. (Beijing, China). ALT and AST detection kits were purchased from Roche (Shanghai, China). An MDA assay kit was provided by Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Ethanol assay kit was supplied by BioAssay Systems (Hayward, CA, USA). Oil red O, HE and other reagents were purchased from Sigma-Aldrich (Shanghai, China).

Animals and alcohol induction
-----------------------------

Tree shrews (120--130 g, male and female in half) were provided by the experimental animal center of Kunming Medical College (Kunming, China). The animals were housed in an alternate light-dark cycle (12 h) room with a temperature of 22--26°C and relative humidity of 45--75%. Tree shrews were raised with a complete fodder and free access to water. They were allowed to acclimate themself to the environment for 10 days before alcohol feeding.

Animal experiments were carried out in accordance with the Guidelines issued by the Experimental Animal Ethical Committee of Jinan University. Tree shrews were continually fed 15% alcohol (v/v) for 14 days. The control group was given pure water other than food. At predetermined time points (day 0 and the 4th, 7th, and 14th days), four tree shrews were dislodged and subjected to MRI scanning for liver examination. Next, an appropriate amount of blood was sampled from the abdominal aorta of the tree shrews and used for later hematological examinations. After that, the livers of the tree shrews were immediately excised from their bodies following CO~2~ asphyxiation and stored in 10% formalin until use. During the experiment, the general conditions of animals such as mental state, appetite, and liver modality were investigated and recorded.

Hematological examination
-------------------------

The collected blood samples were centrifuged at 3,000 rpm for 10 min to separate the serum. The serum was then analyzed by ALT and AST detection kits according to the instructions of the manufacturers using a biochemical analyzer (Cobas Integra 400 Plus, Roche, Rotkreuz, Switzerland). The blood alcohol concentration (BAC) was quantified by an ethanol assay kit (BioAssay Systems, Hayward, CA, USA). Each assay was performed in triplicate.

Determination of MDA in the liver
---------------------------------

Liver tissues were homogenized with saline at a weight/volume ratio of 1/2. The prepared homogenates were centrifuged at 5,000 rpm for 10 min to collect the supernatants. MDA concentration in the supernatants was determined using a commercially available MDA assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) based on thiobarbituric acid (TBA) reactivity \[[@r20]\]. The procedure was carried out following the manufacturer's protocol.

Hepatic histopathological examination
-------------------------------------

HE and Oil red O staining were employed to check the histopathological alterations of the liver tissue. Briefly, liver tissues preserved in 10% formalin were dehydrated using a gradient procedure (85% alcohol for 2 h and 95% alcohol for 2 h, followed by anhydrous alcohol for 1 h) and then processed into paraffin sections after deparaffinization with xylene. After being stained by HE or Oil red O, the liver histopathology of tree shrews was inspected and photographed using an Olympus imaging system (CX31, Olympus, Tokyo, Japan). Hepatic pathology was scored according to the severity of liver injury based on analyses of HE and Oil red O staining images.

Characterization of hepatic steatosis using MRI
-----------------------------------------------

To fully evaluate the formation of AFL, tree shrews were subjected to MRI scanning to image the liver after they were rendered unconscious with ketamine anesthesia. Animals were subjected to MRI on day 0 and the 4th, 7th, and 14th days. MRI experiments were performed using a Signa 1.5T MRI scanner (GE Medical systems, Fairfield, CT, USA) with a TR/TE of 2,000/87.7 ms, slice thickness of 3 mm, 8 × 8 cm field of view, and 256 × 224 matrix. To acquire high-resolution MRI images, a tree threw was placed within an 8-channel wrist coil, and signals were collected using the fast recovery fast spin-echo (FRFSE) T2-weighted imaging (T2WI) sequence with or without fat saturation. Liver fat contents in tree shrews were quantitatively analyzed using Advantage Workstation (ADW 4.4) based on the outcomes of MRI signal intensity. The following equation was used to calculate the hepatic fat fraction (HFF):

$HFF(\%) = \frac{{SI}_{T2} - {SI}_{T2fs}}{{2SI}_{T2}} \times 100\%$

where *SI~T2~* and *SI~T2fs~* denote the signal intensity ratio of the liver to the muscle obtained using T2WI and T2-weighted imaging with fat saturation (T2WI fs) sequences, respectively.

Statistical analysis
--------------------

The hepatic fat fraction of tree shrews quantified by MRI was compared with synchronous data from pathological assessment following treatment for 0, 4, 7, and 14 days. All data are shown as the mean ± SD (n=4). Analysis of variance (ANOVA) was carried out to judge the significance using SPSS 16.0 (SPSS inc., Chicago, IL, USA). A *P* value \<0.05 was considered to indicate a statistically significant difference.

Results {#s3}
=======

General conditions
------------------

The tree shrews were active and agile in climbing and jumping and maintained a normal diet (no anorexia or reduced food intake) with glossy furs before induction. Their livers exhibited an ordinary modality with a smooth capsule and soft texture in the anatomical check ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Gross morphology of the liver of tree shrews before and 7 days after alcohol induction.). However, the tree shrews showed effects such as mental suppression, drowsiness, and appetite loss after alcohol feeding. After induction for 4 days, the liver became red and blunt in morphology with reduced flexibility. On the 7th day, the liver swelled and appeared sallow along with capsule tautness, and the sections were fairly greasy ([Fig. 1](#fig_001){ref-type="fig"}). At the end of the experiment, the liver had blunt edges; presented a dim, coarse appearance; and possessed a hard texture.

Biochemical indices pertinent to AFL
------------------------------------

Serum ALT, AST, and BAC and hepatic MDA levels of tree shrews treated with 15% alcohol for different times are shown in [Table 1](#tbl_001){ref-type="table"}Table 1.Changes of biochemical indices in the blood and liver of tree shrews after feeding with water or 15% alcohol solutionDayIndexALT (IU/L)AST (IU/L)BAC (mg/dl)MDA (ng/mg tis.)039.33 ± 1.58179.83 ± 39.6422.16 ± 6.520.12 ± 0.034118.83 ± 32.25\*\*228.44 ± 53.13\*54.26 ± 9.38\*\*0.25 ± 0.07\*\*7169.66 ± 42.41\*\*316.83 ± 60.85\*\*70.31 ± 8.65\*\*0.33 ± 0.06\*\*14231.50 ± 49.32\*\*430.16 ± 68.36\*\*73.25 ± 10.65\*\*0.42 ± 0.05\*\*Pared-*t* test, \**P*\<0.05, \*\**P*\<0.01 significantly different from the control. ALT, alanine aminotransferase; AST, aspartate aminotransferase; BAC, blood alcohol concentration; MDA, malondialdehyde.. Compared with the levels on day 0, the levels of ALT and AST in the blood markedly increased and the uptrend was positively correlated with the induction time. Tree shrews possessed an average BAC of 22.16 ± 6.52 mg/dl before induction. On the 4th day, the BAC of alcohol-treated tree shrews increased to 54.26 ± 9.38 mg/dl and was significantly higher than that on day 0. However, the BAC of tree shrews then remained at around 72 mg/dl. These results indicate that the tree shrews have developed a liver injury and had adapted to the alcoholic diet.

The level of MDA in the liver presented a change similar to those of ALT and AST, which continuously increased with the time of alcohol feeding. The levels of hepatic MDA on the 4th day, 7th and 14th days were all significantly higher than that on day 0. The degree of increase of MDA was proportional to the time of alcohol induction. Elevation of MDA in the liver suggested that alcohol-induced oxidative stress and lipid peroxidation were taking place in the tree shrews. Overall, the biochemical assay hinted that the tree shrews suffered from AFL after alcohol feeding.

Liver histopathology
--------------------

HE staining micrographs of liver sections are shown in [Fig. 2.](#fig_002){ref-type="fig"}Fig. 2.Representative histological features of liver sections from tree shrews with hematoxylin & eosin (HE) staining (400×) inspected at different time points after induction: (A) normal control group, (B) model group on the 4th day, (C) model group on the 7th day, and (D) model group on the 14th day. Tree shrews that drank water exhibited a normal liver histopathology. The liver presented clear intercellular borders and integral hepatic lobules structurally with no obvious abnormality. On the 4th day of alcohol induction, the hepatic lobules were roughly maintained, but hepatocyte swelling around the central vein appeared. Approximately 20--30% of hepatocytes, based on an optical image analysis of the region of interest, showed cytoplasmic vacuolation, suggesting that a mild AFL was induced. Only small vacuoles (not more than 5 *µ*m) appeared in the liver on the 4th and 7th days based on estimation from the scale bar. However, on the 14th day, there were also vacuoles that had grown to around 20 *µ*m in size (in addition to small ones). The vacuoles progressed until they were diffuse throughout the liver. After one week of induction, hepatic cord disarrangement, considerable endolysis, and more serious cytoplasmic vacuolation (60--80% of hepatocyte aberrant) arose in the liver, showing a moderate AFL. On the 14th day, most hepatocytes showed hydropic swelling, hypochromatosis, or space-occupation by fat vacuoles, with about 70--90% of hepatocytes showing cytoplasmic vacuolation, demonstrating a serious AFL associated with tree shrews. HE staining revealed that hepatic steatosis in the tree shrews was aggravated as a function of induction time.

In order to further confirm the formation of AFL, Oil red O staining was performed to grade the fat accumulation of the liver. [Figure 3](#fig_003){ref-type="fig"}Fig. 3.Representative histological features of liver sections from tree shrews with Oil red O staining (200×) inspected at different time points after induction: (A) normal control group, (B) model group on the 4th day, (C) model group on the 7th day, and (D) model group on the 14th day. presents the typical histopathology of liver sections of tree shrews after induction for different times. There was no fat accumulation observable in the liver tissue of tree shrews treated with a normal diet. After 4 days of induction, liver sections exhibited regional red staining with pervasive fatty droplets (accounting for 20--30% of total hepatocytes), which suggested the presence of mild fatty degeneration. The adipohepatic degree of the liver appeared more conspicuous, and 70--80% of hepatocytes were stained red after one week of induction, showing middle/severe fatty degeneration. On the 14th day of induction, almost all of hepatocytes (\~90%) were accompanied by a red-stained cytoplasm. Severe fatty degeneration had occurred in the livers of the tree shrews. These results are in agreement with those from HE staining. Taking the results of HE and Oil red O staining together, the liver injury in the tree shrews reached the grade of AFL, indicating that an AFL model can be successfully constructed in tree shrews by alcohol feeding.

Hepatic steatosis of the AFL model characterized by MRI
-------------------------------------------------------

MRI images of livers of tree shrews on day 0 and the 4th, 7th, and 14th days of alcohol feeding are shown in [Fig. 4.](#fig_004){ref-type="fig"}Fig. 4.Dynamic observation and quantitation of hepatic fat content using magnetic resonance imaging (MRI). MRI images of the liver were collected with T2-weighted imaging (T2WI) and T2-weighted imaging with fat saturation (T2WI fs) sequences, respectively. In the pcolor panels, the fat signal increases from blue to red gradually. As seen from the images, the fat signals obtained using T2WI and T2WI fs sequences were fairly low for the control group (day 0 of alcohol feeding), indicating no fat accumulation in the liver. On the 4th day, the fat signals were clearly displayed on the MRI image obtained using the T2WI sequence and could be more easily perceived through the pcolor. On the 7th day, the liver fat signals markedly increased compared with that on the 4th day. This was a sign of aggravated hepatic steatosis, implying that AFL had begun to take shape in the tree shrews. When tree shrews were treated with 15% alcohol solution for 14 days, the fat signals of the liver were more apparent in terms of MRI images relative to the former groups. These results conveyed that more serious hepatic steatosis was presented, indicating that the tree shrews had acquired a severe AFL.

The HFFs of tree shrews at different stages of induction were quantified by the differential fat signal intensity between the T2WI and T2WI fs sequences. The results are presented in [Fig. 5.](#fig_005){ref-type="fig"}Fig. 5.Changes of hepatic fat fraction of tree shrews as a function of induction time. \*\**P*\<0.01 significantly different from the day 0 (Analysis of variance \[ANOVA\]). On the day 0, the tree shrews had an HFF of 1.76%, which was a normal level of liver fat. However, HFF increased to 24.82% on the 4th day of alcohol induction, indicating remarkable fat accumulation in the liver. On the 7th and 14th days, tree shrews had strikingly high HFFs that reached 38.1% and 43.3%, respectively. It was shown that AFL could be properly induced in tree shrews with a short-term alcohol intervention. Generally, an HFF over 5% is considered the clinical norm for diagnosis of fatty liver \[[@r13]\]. The qualitative and quantitative results of MRI with respect to hepatic steatosis were in agreement with those of the histopathological examination at the corresponding time points, demonstrating the suitability of MRI in characterization of the AFL model.

Discussion {#s4}
==========

Alcoholic liver disease is regarded as the most frequently diagnosed chronic liver disease other than viral hepatitis. As the health awareness of people has increased, AFL and its progressive diseases related to it have received more and more attention. As a result, there is strong desire for the application of more sensitive and acceptable techniques for early detection and diagnosis of AFL \[[@r4]\]. Although liver biopsy is useful as the golden standard for diagnosis of AFL, the technique is greatly limited because of its nondynamic characterization and invasiveness, which potentially causes issues, such as organ trauma, infection, and bleeding \[[@r25]\]. In contrast, a noninvasive technique is more suitable for assessment of temporal changes of AFL in terms of patient' compliance. Due to their low sensitivity and the presence of radioactivity, ultrasonography and CT techniques are sometimes difficult to meet the demands for an accurate and harmless diagnosis. MRI is undoubtedly the applicable method that best reflects the fatty infiltration in the liver. Currently, MRI based on the FRFSE T2WI sequence is extensively employed for quantitative evaluation of fatty liver \[[@r7], [@r24]\].

AFL can induce a spectrum of liver pathologies, from alcoholic steatohepatitis to fibrosis and cirrhosis, and can even induce liver failure \[[@r3]\]. T2WI and T2WI fs in MRI are simple and reproducible in terms of operation. The value for liver fat content determined by such techniques not only server as a diagnostic index of whether fatty liver is present or not but can also indicate the degree of hepatic steatosis. In this study, we utilized the FRFSE T2WI sequence with or without fat saturation to generate two different images. By importing the images into an ADW postprocessor, the average value of HFF could be calculated automatically by the software. The resulting HFF data were used to quantify the degree of hepatic steatosis in the AFL model.

The biochemical assay and histopathological examination confirmed the formation of fatty liver in the tree shrews. The HFF determined by MRI correlated well with the degree of hepatic steatosis estimated by HE and Oil red O staining. Quantitation of the liver fat content using MRI based on the signal difference of T2WI and T2WI fs sequences is relatively accurate but is less reported in the literature. The technique is able to comprehensively characterize the dynamic evolution of hepatic steatosis and simultaneously reduce the necessity for invasive liver biopsy and its associated complications.

An animal model mimicking human disease is an important tool for insight into the pathological mechanism of AFL diseases. There has been a lack of a suitable animal model for use in studying ALD. Tree shrews are a kind of lower primate animal species unique to the Chinese region and are characterized by a high-alcohol diet \[[@r5], [@r31]\]. In our previous study, we successfully constructed an AFL model based on tree shrews through continual feeding with a 20% alcohol solution for 14 days \[[@r32]\]. However, the model has a small shortcoming in that the animals tend to suffer from poor mental status, sometimes resulting in coma and death. This study reduced the alcohol concentration from 20% to 15% so as to properly induce AFL and improve the mental status of the animals. Likewise, 15% alcohol feeding could induce a moderate to severe AFL, but no animals appeared coma and death. Our established model is more suitable for characterization of acute or chronic ALD. Other liver diseases share different pathologies that cannot be properly appreciated with this model. Currently, rats and mice are the commonly used experimental animals used for construction of an ALD model \[[@r12], [@r14]\]. They are normally fed a Lieber-DeCarli ethanol liquid diet to induce ALD. However, Lieber-DeCarli feeding can only induce mild steatosis and marginal elevation of serum ALT, and it causes almost no inflammation in the liver. Compared with other ALD models, e.g., the Gao-Binge model, our model does not require feeding of the animals an alcoholic diet by gavage. In addition, induction occurs naturally due to the alcohol diet of tree shrews and can be accomplished successfully in a short period. Considering the accessibility of model construction and the flexibility of MRI characterization, the AFL model based on tree shrews is highly promising as a research platform for understanding AFL-associated diseases.

Conclusions
-----------

Tree shrews characterized by a high alcoholic diet are an excellent fit as model animals used for the study of AFL diseases. An AFL model using tree shrews was constructed and confirmed by biochemical assay and histological examination in this study. The liver fat content was accurately quantified by MRI through T2WI and T2WI fs sequences. The technique was validated by histological examination and was shown to be rather practicable for characterization of the established AFL model, owing to its noninvasiveness, high sensitivity, and merit in dynamic monitoring. In short, this study involving AFL model and its characterization with MRI provides a useful tool for studying the pathological mechanism of AFL-associated diseases.
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